Herpes Simplex Virus Type 1 Induction of Persistent NF-κB Nuclear Translocation Increases the Efficiency of Virus Replication  by Patel, Amit et al.
Herpes Simplex Virus Type 1 Induction of Persistent NF-kB Nuclear
Translocation Increases the Efficiency of Virus Replication
Amit Patel,* Julie Hanson,* Tim I. McLean,† Jennifer Olgiate,* Melissa Hilton,*
William E. Miller,*,‡ and Steven L. Bachenheimer*,†,‡,1
*Department of Microbiology and Immunology, †Curriculum in Genetics and Molecular Biology, and ‡Lineberger Comprehensive Cancer Center,
University of North Carolina School of Medicine, Chapel Hill, North Carolina 27599
Received March 2, 1998; returned to author for revision April 22, 1998; accepted May 19, 1998
The latent form of the dimeric transcription factor NF-kB is sequestered in the cytoplasm by proteins containing ankyrin
repeats, such as IkBa and b, or by the p105 precursor form of the NF-kB p50 subunit. Tumor necrosis factor a or virus
infection can cause targeted destruction of IkB and nuclear translocation of NF-kB. Following translocation, NF-kB mediates
immune, inflammatory, or anti-apoptotic responses. Here we present evidence that beginning at around 6 h postinfection,
herpes simplex virus (HSV) induces a persistent translocation of NF-kB into the nucleus of C33 cells, coincident with loss of
both IkBa and IkBb. Translocation failed to occur when infecting virus was preincubated with neutralizing antibody to viral
envelope glycoproteins gD or gH, thus preventing entry, or when cells were infected with viruses expressing mutated forms
of immediate-early regulatory proteins ICP4 or ICP27. Surprisingly, no increase in the trans-activation function of NF-kB, as
assayed by transient expression of CAT, was detected following HSV infection. The significance of NF-kB nuclear translo-
cation for virus replication was demonstrated by an 80–90% reduction in virus yield following infection of C33 cells
expressing a constitutive repressor form of IkBa. Models that reconcile nuclear translocation of NF-kB with the inability to
detect NF-kB-dependent gene expression are discussed. © 1998 Academic Press
INTRODUCTION
Activation of the dimeric transcription factor NF-kB
occurs in response to stresses such as UV radiation and
viral infection, by agents such as tumor necrosis factor a
(TNFa), interleukin-1 (IL-1), lipopolysaccharide (LPS),
and phorbol ester, and by inducers of endoplasmic re-
ticulum overload response (EOR), among others (see
Verma et al., 1995; Baeuerle and Baltimore, 1996 for
reviews). In addition to regulating genes involved in im-
mune and inflammatory responses, NF-kB has also been
implicated in the mechanisms that antagonize the apop-
totic response (Beg and Baltimore, 1996; Van Antwerp et
al., 1996; Wang et al., 1996). The most common form of
NF-kB is a heterodimer of p50 and p65 members of the
rel protein family (see Baldwin, 1996 for a review). The
p50 subunit is the cleavage product of a p105 precursor,
whereas p65 is a primary translation product. The p50/
p65 or p105/p65 forms of NF-kB are normally seques-
tered as latent transcription factors in the cytoplasm by
proteins containing ankyrin repeats, such as IkBa and b,
or p105 itself. The activation of NF-kB by TNFa or virus
infection involves phosphorylation of IkB, followed by its
ubiquitination and proteasome-dependent destruction
(Finco and Baldwin, 1993; Chiao et al., 1994; Palombella
et al., 1994; Traenckner et al., 1994; Scherer et al., 1995).
After destruction of IkB, NF-kB can translocate to the
nucleus where it mediates gene expression.
IkB can be targeted for phosphorylation by compo-
nents of signal transduction pathways (DiDonato et al.,
1997; Malinin et al., 1997; Róegnier et al., 1997). Recent
reports have identified NIK as a MAPKKK, which binds
TNF receptor associated factor (TRAF) 2 and activates
NF-kB (Malinin et al., 1997), and IKK or CHUK, a TNFa-
inducible IkB kinase (DiDonato et al., 1997; Róegnier et
al., 1997), which can phosphorylate the critical residues
ser32 and ser36 on IkBa. Distinct from mechanisms of
NF-kB nuclear translocation and DNA binding, diverse
signals also appear to be integrated through Ras/Raf-,
protein kinase A (PKA)-, SAPK (p38 and JNK)-, and protein
tyrosine kinase-dependent mechanisms for activation of
the p65 subunit (Finco and Baldwin, 1993; Yoza et al.,
1996; Finco et al., 1997; Zhong et al., 1997; Berghe et al.,
1998).
Induction of NF-kB by several herpes viruses has been
documented. Cytomegalovirus (CMV) induces NF-kB
through a multitiered biphasic mechanism (Sambucetti
et al., 1989; Yurochko et al., 1997a,b). An early activation
of NF-kB and Sp1, independent of gene expression, oc-
curs through a viral gB- and gH-receptor–dependent
mechanism. A second, delayed induction appears to rely
on a NF-kB–dependent activation of the CMV major im-
mediate-early promoter. Cooperation of IE1–72, IE2–55, and
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IE2–86 proteins with Sp1 up-regulates the p65 promoter
and, along with NF-kB, the p105/50 promoter. Expression
of the Epstein–Barr virus (EBV) latent membrane protein
1 (LMP1) in C33 epithelial cells leads to activation of
NF-kB (Paine et al., 1995), through a TRAF signaling
pathway (Miller et al., 1997). Similar activation through
TRAFs also occurs during EBV-mediated B-cell transfor-
mation (Huen et al.; 1995; Mitchell and Sugden, 1995;
Mosialos et al., 1995; Devergne et al., 1996). While her-
pes simplex virus (HSV) has been reported to induce
activities which bind to NF-kB sites in the infected cell
protein (ICP) 0 gene and in the HIV LTR (Gimble et al.,
1988; Rong et al., 1992) and to activate the HIV LTR
through NF-kB sites (Gimble et al., 1988; Margolis et al.,
1992), the role of NF-kB in either ICP0 regulation or HSV
replication has not been evaluated.
Results of our experiments indicate that HSV can in-
duce a delayed nuclear translocation of NF-kB, depen-
dent on virus entry, immediate-early (IE) gene expres-
sion, and turnover of IkB. The significance of NF-kB
nuclear localization for virus replication was explored in
cells expressing a version of IkBa in which serine resi-
dues critical for IkB turnover were replaced with ala-
nines, variously termed IkB-SR (super repressor, Wang et
al., 1996) or IkBaAA, but which we refer to as IkB-CR
(constitutive repressor). Reduced translocation of NF-kB
in HSV-infected IkB-CR-expressing cells correlated with
greatly reduced virus yield. Surprisingly, we did not de-
tect an increase in NF-kB-dependent gene expression
coincident with NF-kB nuclear translocation. This result
suggests that HSV infection may uncouple nuclear trans-
location from p65 activation to promote efficient virus
replication.
RESULTS
HSV infection induces nuclear translocation
of NF-kB activities
We previously observed an increase in nuclear NF-kB-
dependent DNA binding activity in C33 cells at late times
[16 h postinfection (p.i.)] concomitant with increases in
E2F-dependent gel shift activity (Hilton et al., 1995). In the
present studies we initially undertook an analysis of
NF-kB activities in both cytoplasmic and nuclear frac-
tions prepared from C33 cells at 16 h p.i (Fig. 1A). Anal-
ysis of equal amounts of nuclear protein from mock-
infected (MN) and wild-type HSV-1 KOS (WTN)-infected
cells, by an NF-kB–dependent gel mobility shift assay,
revealed a large increase in NF-kB–dependent DNA
binding activity following infection (compare lanes 1 and
4). Equal amounts of cytoplasmic extract from mock-
infected (MC) and virus-infected (WTC) cells, treated with
deoxycholate to allow detection of DNA binding activity
(see Materials and Methods), revealed a large decrease
in a doublet of cytoplasmic DNA binding activity (com-
pare lanes 7 and 10). Incubation of binding reactions
containing nuclear or cytoplasmic extract with either p50
FIG. 1. HSV induces nuclear translocation of NF-kB activities dependent
on virus entry and viral gene expression. Gel mobility shift assays, using
a probe derived from the MHC I enhancer and soluble extracts prepared
from mock and virus-infected C33 monolayers, were as described in
Materials and Methods. (A) Replicate monolayers of C33 cells were either
mock infected or infected with HSV-1 KOS. Equal amounts (10 mg) of
cytoplasmic extract from mock-infected (MC) and virus-infected (WTC) cells
were treated with NP40 and DOC to release NF-kB activities from IkB prior
to incubation in the binding reaction; equal amounts (3 mg) of nuclear
extract (MN, WTN) were added directly to the binding reaction mix. Repli-
cate binding reactions were incubated for 10 min at room temperature and
then further incubated for 20 min on ice with either 1 ml of a p50 polyclonal
antibody (SC114X, Santa Cruz, ap50) or a p65 polyclonal antibody
(SC373X, Santa Cruz, ap65), prior to electrophoresis. (B) Replicate mono-
layers of C33 cells were either mock infected or infected with HSV-1 KOS.
Prior to infection, aliquots of virus were diluted into either 1 ml of medium
or into medium containing sufficient monoclonal antibody specific for viral
glycoproteins gC, gD, or gH, to reduce infectivity 3 logs, and incubated for
1 h at 37°C. Cells were harvested at 8 h p.i., extracts prepared, and gel
shift assays performed as described in Materials and Methods. Another
set of replicate monolayers of C33 cells were either mock infected or
infected with wild-type (WT) KOS or the ICP4 mutant vi13, the ICP27 mutant
n59r, or the ICP8 mutant d301. Cells were harvested at 8 h p.i., extracts
prepared, and gel shift assays performed as described in Materials and
Methods. NS: nonspecific gel shift activity; free: free probe DNA.
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or p65 polyclonal antibody prior to electrophoresis re-
vealed that the predominant activities contained both
p50 and p65 NF-kB subunits. While the p65 antibody
efficiently super-shifted the MC NF-kB activity, most of
the WTN activity was lost, with only a small fraction
surviving as a super-shifted band. The additional bands
detected in the WTN lanes, above and below the NS
band, are likely not related to NF-kB because neither p50
nor p65 antibodies affected their mobility or amount.
Blocking peptide controls for p50 and p65 antibodies
confirmed the specificity of the antibody super-shifts
(data not shown). The slower mobility cytoplasmic activ-
ity may represent a p105/p65 NF-kB complex. We have
also observed this virus induced nuclear translocation of
NF-kB in U2-OS cells and in normal human fibroblasts
(data not shown).
To determine whether virus entry was required for the
observed increased in NF-kB DNA binding activity, ali-
quots of virus were incubated with neutralizing monoclo-
nal antibodies to the viral envelope glycoproteins gD or
gH, or a monoclonal antibody to the viral envelope gly-
coprotein gC, prior to infection of C33 cells. Nuclear
extracts were prepared at 8 h p.i. and assayed for NF-kB
by a gel mobility shift assay. Nuclear extracts from cells
infected with either untreated virus or virus preincubated
with anti-gC monoclonal antibody demonstrated in-
creased NF-kB (Fig. 1B). Nuclear extracts from cells
infected with virus preincubated with anti-gD and -gH
monoclonal antibody demonstrated no increase in NF-kB
above that found in the mock infected control. These
results were consistent with a requirement for virus entry
in order to detect nuclear translocation of NF-kB be-
cause previous findings (Highlander et al., 1987; Fuller et
al., 1989) had demonstrated that incubation of HSV with
either anti-gD or -gH antibodies allowed virus binding to
cells but prevented entry, whereas anti-gC prevented
neither attachment nor entry of virus into cells.
Previously we determined that increased nuclear
NF-kB DNA binding activity was at least partially depen-
dent on expression of IE protein ICP27 but not on ex-
pression of functional delayed-early (DE) protein ICP8
(Hilton et al., 1995). To expand on these findings, we next
determined whether expression of functional IE ICP4
protein was required. Also shown in Fig. 1B are results of
detecting NF-kB DNA binding activity in extracts pre-
pared from WT- and mutant virus-infected cells. NF-kB
nuclear translocation was not detected in cells infected
with the ICP4 mutant vi13 (Shepard and DeLuca, 1991).
We performed the analysis of mutants in both C33 and
U2-OS cells and observed failure of nuclear transloca-
tion of NF-kB in vi13 infected cells. The amount of NS
activity varied considerably both between and within
experiments. In the case of U2-OS cells, for example,
only the WT-infected cell extracts displayed NS activity. A
small increase in nuclear NF-kB activity was detected in
the nuclear extract from cells infected with the ICP27
mutant n59r (Rice and Knipe, 1990), and significant nu-
clear NF-kB was detected in the nuclear extract from
cells infected with the ICP8 mutant d301 (Gao and Knipe,
1991), which differed somewhat from our previous find-
ings (Hilton et al., 1995), where only a slight reduction
was seen. Nevertheless these results indicate that reg-
ulatory functions of at least two IE proteins, ICP4 and
ICP27 are required for NF-kB nuclear translocation fol-
lowing HSV infection. Further supporting a role for viral
IE proteins in NF-kB nuclear localization, the onset of
persistent nuclear localization of NF-kB began at 6 h p.i.
in C33 cells (Hilton, Olgiate, Patel, and Bachenheimer,
unpublished observations). These results suggest that
HSV induces a persistent nuclear translocation of NF-kB
once IE proteins have accumulated and extending until
very late in the replication cycle.
Levels of IkBa and IkBb decline
following HSV infection
Both IkBa and IkBb retain p65-containing NF-kB activi-
ties in the cytoplasm (reviewed in Finco and Baldwin, 1995),
while unphosphorylated IkBb may also serve as a chaper-
one for nuclear translocation of NF-kB (Suyang et al., 1996).
In the best-studied system, involving TNFR-initiated signal-
ing leading to transient NF-kB activation, release and nu-
clear translocation of NF-kB occur when critical residues
ser32 and ser36 of IkBa are phosphorylated, targeting the
protein for ubiquitination and subsequent degradation
(Brockman et al., 1995; Brown et al., 1995). Persistent acti-
vation of NF-kB occurs when both IkBa and IkBb are
degraded in response to LPS or IL-1 (Thompson et al.,
1995). We were interested in determining whether virus
induced nuclear translocation could be due to loss of IkB,
and if so, whether it correlated with the increase in nuclear
NF-kB. Western blot analysis for levels of both IkBa (37
kDa) and IkBb (43 kDa) revealed decreased levels in cyto-
plasmic fractions of WT KOS-infected C33 cells beginning
at 6 h p.i. and continuing, as detected in whole cell extracts,
through 10 and 18 h p.i. (Fig. 2). Though the background in
these Western blots is high, our ability to correctly identify
the IkBs is based on their localization to the cytoplasm,
their disappearance as nuclear NF-kB accumulates, and, in
the case of IkBa, its resistance to turnover in an IkB-CR
expressing cell line (see below). Thus loss of infected cell
IkBa and IkBb coincided with increases in nuclear NF-kB
after 6 h p.i. Furthermore, the absence of both IkBa and
IkBb from 10 and 18 h p.i. extracts also indicated that the
mechanism of persistent nuclear NF-kB seen after HSV
infection may be similar to previously characterized mech-
anisms induced by the action of LPS or IL-1 (Thompson et
al., 1995; Suyang et al., 1996).
HSV-induced nuclear translocation of NF-kB
is reduced, and IkBa is stable in
cells expressing IkBa-CR
In order to determine whether NF-kB translocation in
virus infected cells occurs by a mechanism that depends
214 PATEL ET AL.
on phosphorylation of the critical ser32/36 residues of
IkBa, we took advantage of a C33 cell line expressing
IkBa-CR (IkBa-constitutive repressor, Wang et al., 1996;
Miller et al., 1998). The ser32/36 residues in this IkB have
been replaced by alanines and therefore cannot be
phosphorylated. IkBa-CR is resistant to turnover in re-
sponse to TNFa, a potent inducer of NF-kB. Cytoplasmic
extracts were again treated with DOC in order to com-
pare with nuclear samples for the level of NF-kB–depen-
dent DNA binding activity. Infection of C33 cells express-
ing IkBa-CR resulted in reduced nuclear translocation of
NF-kB, compared with control (empty vector) cells (Fig.
3A). Consistent with the inability to be phosphorylated
and thus not triggering degradation by a ubiquitin-pro-
teasome pathway, IkBa-CR was stable compared with
the endogenous IkBa following HSV infection (Fig. 3B).
Thus the HSV induced translocation of a fraction of
NF-kB most likely occurs by a mechanism dependent on
IkBa phosphorylation at two critical serine residues,
similar to other activation mechanisms such as treat-
ment with TNFa, rather than by vhs-mediated protein
turnover.
Expression of IkBa-CR reduces virus yield but not
infected cell protein accumulation
The nuclear translocation of NF-kB following HSV in-
fection may reflect a cellular response to virus infection,
perhaps linked to interferon induction. Alternatively, it
may reflect the subversion of a cell regulatory mecha-
nism governing the activity of a transcription factor crit-
ical for, or contributing to, the efficiency of HSV replica-
tion. To determine whether nuclear translocation of
NF-kB affected the efficiency of virus replication, yield
assays on Vero cell monolayers were performed to de-
termine the extent of virus replication in control and
IkBa-CR expressing C33 cells. We compared the effi-
ciency of WT virus replication with that of a UL41 (virion
host shutoff, vhs) mutant (UL41NHB, Strelow and Leib,
1995) and a latency-associated transcript (LAT) mutant
(dlLAT1.8, Leib et al., 1989). The UL41 mutant was chosen
in order to determine whether persistent NF-kB translo-
cation seen after infection could reflect a failure to ex-
press one or more cellular proteins, e.g., IkB, normally
required for regulation of a transient NF-kB response.
The LAT mutant, which should not be impaired for any
aspect of lytic replication, was included to control for any
nonspecific alteration in replication capacity of a mutant
virus in C33 cells. While the yields of WT KOS and
dlLAT1.8 in control C33 cells following 18 h of infection
were comparable, the yield of UL41NHB was reduced
about 30-fold (Fig. 4A). The latter result is in contrast to
the growth characteristics of UL41NHB in Vero cells
(Strelow and Leib, 1995), where the mutant had identical
growth characteristics to wt virus. Because the yield
assay from the C33 infections was determined on Vero
FIG. 3. HSV-induced nuclear translocation of NF-kB is reduced, and
IkB is stable in cells expressing IkB-CR. IkBa-CR and control C33 cell
monolayers were infected with HSV and nuclear and cytoplasmic
extracts were prepared at 8 h p.i., as described in Materials and
Methods. (A) Equal amounts of cytoplasmic extracts (6 mg) and nuclear
extracts (3 mg) were assayed for NF-kB DNA binding activity by gel
mobility shift assay. (B) Aliquots of cytoplasmic and nuclear extract
corresponding to 106 cells were prepared for Western blotting as
described in Materials and Methods and probed for IkBa. M, mock
infected; WT, HSV infected; NS, nonspecific gel shift activity.
FIG. 2. Levels of IkBa and IkBb decline following HSV infection. Ali-
quots of cytoplasmic (80 mg) and nuclear (60 mg) extract prepared from
mock infected or WT KOS infected cells at 6 h p.i. (left), or aliquots (80 mg)
of whole cell extracts prepared at 10 and 18 h p.i. (right), were electropho-
resed by SDS-PAGE, and electroblotted onto PVDF membranes as de-
scribed in Materials and Methods. The membranes were probed sequen-
tially with rabbit polyclonal antibodies against IkBa (SC-371, Santa Cruz)
and IkBb (SC-945-R, Santa Cruz). M: mock infected; WT: HSV infected; N
subscript: nuclear; C subscript: cytoplasmic.
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cell monolayers, this difference may reflect cell type or
replication kinetics differences between C33 and Vero
cells. Yields of WT and both mutant virus were de-
creased 80–90% on C33 cells expressing IkBa-CR,
whereas yields of Sindbis virus TRS-B were only de-
creased 33%. This result suggests that nuclear translo-
cation of NF-kB following infection contributes signifi-
cantly to the efficiency of HSV replication. The compara-
ble decrease in yield of WT and vhs mutant virus seen in
IkB-CR cells suggests that the block imposed by IkB-CR
may lie upstream of the effects on virus replication
caused by the failure to efficiently shutoff host protein
synthesis.
To determine whether reduced virus yield reflected
differences in the pattern of viral protein synthesis,
Western blot analysis was performed for proteins rep-
resentative of the three kinetic classes, IE, DE, and L.
Accumulation of IE ICP4, DE ICP8, and L gC were
comparable in extracts prepared from IkBa-CR and
control C33 cells at both 8 and 16 h p.i. (Fig. 4B). A
second L protein, the product of the US11 gene was
also unaffected by expression of IkBa-CR (Olgiate and
Bachenheimer, unpublished observation). Because
accumulation of representative IE regulatory, DE DNA
replication, and L structural proteins appeared normal
in the IkBa-CR expressing cell line, these results in-
dicate that the block to efficient virus replication oc-
curred at a step involving either capsid assembly, DNA
processing, or virion maturation. At this time we can-
not distinguish between mechanisms dependent on
cellular or viral gene expression, or perhaps both, as
NF-kB–sensitive targets.
Trans-activation of NF-kB responsive reporter genes
does not occur coincident with virus-induced
nuclear accumulation of NF-kB
Members of the mitogen-activated kinase cascade
(MAPK) have been identified as critical in the phos-
phorylation of IkB and subsequent nuclear transloca-
tion of NF-kB (see above). Other reports have identi-
fied a role for oncogenic Ras and Raf, as well as other
kinases, in the activation of p65, independent of nu-
clear mobilization (Finco and Baldwin, 1993; Yoza et
al., 1996; Finco et al., 1997; Zhong et al., 1997; Berghe
et al., 1998). Therefore we evaluated NF-kB trans-
activation function following HSV infection to deter-
mine whether the observed nuclear translocation cor-
related with increased NF-kB–dependent gene ex-
pression. NF-kB activation was measured in transient
CAT reporter gene assays (Fig. 5). Control and IkB-CR
cells were transfected with CAT reporter plasmids
driven by sequences from (i) the HIV LTR (kBCAT), (ii)
the major histocompatibiltiy complex (MHC) enhancer
region (3XWTMHC), or (iii) 5 GAL DNA binding sites
(5X-GAL CAT) in cells co-transfected with an effector
plasmid expressing a fusion protein consisting of the
GAL DNA binding domain and the p65 transactivation
domain (GAL-p65). The HIV LTR and MHC driven re-
porters should be sensitive to levels of IkB in the cell,
while expression from the 5X-GAL reporter should be
independent of IkB levels. Twenty-four hours following
transfection, monolayers were either mock infected or
infected with HSV. Expression from all three CAT re-
porter plasmids was either slightly or significantly re-
duced after HSV infection of control C33 cells. With the
exception of the 5X-GAL CAT reporter, the reporter
plasmids also demonstrated similar levels of activity in
uninfected IkBa-CR expressing cells and reduced ac-
tivity following HSV infection. The reduction was un-
expected given the previously observed increases in
FIG. 4. Virus yield was reduced and ICP accumulation normal in
IkB-CR expressing cells. (A) Replicate cultures of control and IkB-CR
expressing C33 cells were infected with the indicated viruses as
described in Materials and Methods. Results of virus replication are
expressed as yield per cell. (B) Replicate cultures of control and
IkB-CR expressing C33 cells were either mock infected or infected
with WT KOS at an MOI of 5 and harvested at 8 or 16 h p.i. Nuclear
and cytoplasmic extracts were prepared as described in Materials
and Methods. Aliquots of soluble cytoplasmic or nuclear extract
corresponding to 106 cells were fractionated by SDS-PAGE, electro-
blotted and probed for specific proteins as described in Materials
and Methods. Glycoprotein C (gC) was detected in cytoplasmic
extracts with monoclonal antibody R47. ICP4 and ICP8 were de-
tected in nuclear extracts with monoclonal antibody H1091 or a
rabbit polyclonal antibody, respectively.
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nuclear NF-kB detected by gel mobility shift assay
following HSV infection. Decreases in 5X-GAL–depen-
dent CAT levels in both mock and infected IkB-CR
cells compared to control cells was noteworthy be-
cause expression should have been independent of
IkB status. Such a decrease in IkB-CR cells, indepen-
dent of infection, suggests that functional NF-kB may
itself be important for regulating activation of the p65
transactivation domain.
DISCUSSION
We have presented evidence that in C33 cells, HSV
induces a delayed persistent nuclear localization of NF-
kB, primarily p50/p65. Nuclear localization was depen-
dent on virus entry, ICP4 and ICP27 gene expression
(Fig. 1), and turnover of IkBa and IkBb (Figs. 2 and 3).
Also supporting the latter conclusion was the observa-
tion that reduced translocation of NF-kB occurred in HSV
infected cells which express a ‘‘constitutive-repressor’’
version of IkBa (IkBa-CR; Wang et al., 1996), (Figs. 3 and
4). Concomitant with reduced nuclear localization of
NF-kB in IkB-CR expressing C33 cells, we observed an
almost 90% drop in virus yield (Fig. 4) but no effect on
accumulation of representative IE, DE and L viral pro-
teins. This finding suggests that while not critical for
virus replication, nuclear translocation of NF-kB does
enhance the efficiency of virus replication. Finally, we did
not detect an increase in NF-kB–dependent gene ex-
pression coincident with increased NF-kB nuclear local-
ization (Fig. 5). Two unresolved issues with regard to our
observations are the precise mechanism whereby HSV
induces nuclear translocation of NF-kB, and the basis for
the failure to detect any increase in NF-kB–dependent
reporter gene activity.
Mechanisms of NF-kB nuclear localization
The p50/p65 form of NF-kB is stored in a latent form
in the cytoplasm bound to IkB and is translocated to
the nucleus following phosphorylation, ubiquitination,
and degradation of IkB (Chiao et al., 1994; Palombella
et al., 1994; Traenckner et al., 1994; Brockman et al.,
1995; Brown et al., 1995; Finco and Baldwin, 1995;
Scherer et al., 1995). Phosphorylation of IkB is depen-
dent on activation of MAPK pathways (Finco and Bald-
win, 1993; Maran et al., 1994; DiDonato et al., 1997;
Malinin et al., 1997; Róegnier et al., 1997). These path-
ways, which do not require concurrent protein synthe-
sis, are typically initiated when an inflammatory cyto-
kine such as TNFa binds its receptor on the cell
surface. Our results on the timing of IkB turn-over and
NF-kB nuclear localization, coupled with the require-
ment for virus entry and IE ICP4 and ICP27 gene
expression, argue against a mechanism initiated at
the cytoplasmic membrane of the infected cell for the
persistent nuclear localization we observed. HSV in-
fection is initiated by interactions of virion glycopro-
teins gC and gB with cell surface heparin sulfate
proteoglycans, followed by stable interactions involv-
ing gB and gD with other cell surface components
(Roizman and Sears, 1996). A gD receptor, herpes
virus entry mediator (HVEM), has recently been iden-
tified and is a member of the TNFR family (Montgom-
ery et al., 1996). Overexpressed HVEM engages TRAFs
and signals the activation of NF-kB and AP-1 (Marsters
et al., 1997). We have in fact observed a weak and
transient nuclear localization of NF-kB within the first
FIG. 5. HSV infection reduces NF-kB trans-activation function. C33
control or IkB-CR cells were transfected by the calcium phosphate
procedure and after 30 h super-infected with 5 pfu/cell WT KOS. After
24 h, cell lysates were prepared and CAT activity detected by a stan-
dard thin layer chromatography assay. Reporter plasmids were kBCAT
containing the HIV LTR; 5XGAL-CAT, containing five copies of the GAL
binding site linked to CAT, and GAL-p65, a plasmid expressing a fusion
protein consisting of the GAL DNA binding domain and the p65 trans-
activation domain; and 3XWTMHC, containing three copies of the MHC
promoter NF-kB site. Each determination represents the average of
three independent transfections.
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30–45 min of virus infection of C33 cells, which is
blocked by gD or gB monoclonal antibodies and by
over-expression of TRAF3 (Olgiate, Patel, Miller and
Bachenheimer, manuscript in preparation). Thus two
distinct stages of NF-kB nuclear translocation occur
during HSV infection: one very early, transient, and
likely related to a gD-receptor interaction; the other
delayed, robust and sustained, dependent on infected
cell de novo protein synthesis. IkB-CR also blocks
early nuclear translocation of NF-kB (Hanson and
Bachenheimer, unpublished observation), and addi-
tional experiments will attempt to dissect the individ-
ual roles of early and delayed NF-kB nuclear localiza-
tion in the viral replication cycle.
The double-stranded RNA-activated protein kinase,
PKR, also activates NF-kB by targeting IkB, though it is
not known whether the critical ser32/36 residues on IkB
are phosphorylated (Kumar et al., 1994). PKR also phos-
phorylates and inactivates eIF-2a and is responsible for
the shut-off of protein synthesis in certain cell types
infected with g34.52 mutants of HSV (Chou et al., 1995).
PKR protein levels are elevated in both g34.52 and WT
HSV infected cells at late (6 h, p.i.) times, consistent with
the timing of delayed translocation of NF-kB in HSV
infected cells. It will be of interest to determine whether
delayed NF-kB translocation occurs in HSV infected
Pkr2/2 fibroblasts.
A third mechanism of NF-kB translocation is initiated
by the ER overload response (EOR), occurring when
proteins aberrantly accumulate within the ER, e.g., during
adenovirus infection (Pahl et al., 1996; Pahl and Baeuerle,
1997). Though HSV IE protein ICP47 blocks peptide load-
ing of MHC I by TAP, resulting in retention of MHC I in the
ER (Hill et al., 1996), it seems unlikely that viral induced
NF-kB translocation merely reflects a cellular stress re-
sponse because infection of IkBa-CR cells resulted in
reduced virus yield.
The targeted degradation of IkB is central to all
known mechanisms of NF-kB nuclear translocation.
Effectors such as TNFa, virus infection, LPS, and IL-1
trigger destruction of IkBa by mediating phosphoryla-
tion of critical serine residues in IkB (Brockman et al.,
1995; Brown et al., 1995), while only LPS, IL-1, or
combined treatment with IFNg and TNFa (Suyong et
al., 1996; Cheshire and Baldwin, 1997) result in de-
struction of IkBb. The three latter treatments cause a
persistent NF-kB response while TNFa causes only a
transient NF-kB response. HSV infection results in
loss of both IkBa and IkBb, reminiscent of the effects
of LPS or IL-1 (Fig. 2). However, the persistent nature
of the nuclear localization of NF-kB following infection
likely reflects the failure to resynthesize either IkBa or
IkBb due to the inhibition of cellular gene expression
mediated by vhs and ICP27 viral functions (Oroskar
and Read, 1989; Hardy and Sandri-Goldin, 1994). The
decrease in NF-kB trans-activation function during
HSV infection also likely contributes to its own persis-
tent nuclear localization because IkBa gene expres-
sion is NF-kB dependent.
Mechanisms of NF-kB activation
We have presented evidence that nuclear transloca-
tion of NF-kB contributes to the efficiency of progeny
virus production (Fig. 4). Surprisingly we were unable
to demonstrate any increase in NF-kB–dependent re-
porter gene expression, even under conditions in
which the effector was a fusion protein containing a
GAL DNA binding domain and the p65 transactivation
domain (Fig. 5). The trans-activation and DNA-binding
properties of p65 homodimers and p50/p65 het-
erodimers depends on p65 phosphorylation (Naumann
and Scheidereit, 1994). In pre-B and Jurkat cells, a
phosphorylation-dependent activation of p65 is medi-
ated by the catalytic subunit of protein kinase A
(PKAc), dependent on an N-terminal PKA phosphory-
lation site and rel-homology domain of p65 (Zhong et
al., 1997).
In NIH 3T3 cells, NF-kB–dependent gene expres-
sion is induced in the absence of increased NF-kB
DNA binding activity, through a Ras/Raf-dependent
mechanism (Finco and Baldwin, 1993; Finco et al.,
1997). Because the target sequences for phosphoryla-
tion by PKA and Ras/Raf downstream effectors are
different (Finco et al., 1997; Zhong et al., 1997), it is not
clear whether PKA- and Ras/Raf-dependent mecha-
nisms are cell type specific but functionally redundant
or whether both mechanisms are critical for NF-kB
activation.
If both mechanisms are required, then one model
that may explain nuclear localization of NF-kB in the
absence of transcription factor activation is that a
PKA- or Ras/Raf-dependent mechanism may be
blocked during lytic HSV infection. Within this model,
our data support the possibility that activation of Ras/
Raf-dependent signal transduction pathways are
blocked following HSV infection: (i) both MYC and
ELK transcription factors have been reported to be
dependent on the Ras-Raf pathway for their activa-
tion (Chuang and Ng, 1994), and we have observed
decreases in the levels of both MYC- and ELK-depen-
dent reporter gene activity following virus infection
(McLean and Bachenheimer, unpublished observa-
tions); and (ii) c-Jun and ATF2, both of which can be
activated by either mitogen-activated or stress-acti-
vated protein kinase pathways, are activated follow-
ing HSV infection in the presence of a dominant neg-
ative version of Ras (McLean and Bachenheimer,
unpublished observations). A block in the Ras/Raf
pathway is also consistent with the failure to detect
LAT during productive infection because activation of
the LAT promoter in PC12 cells has recently been
reported to depend on Ras and Raf (Frazier et al.,
1996). There is also evidence that expression of con-
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stitutively activated Ras results in decreased virus
replication (Garcin et al., 1990). These results predict
that the dichotomy of lytic and latent phases of the
HSV life cycle may be manifest in part through the
pattern of activated signal transduction protein kinase
cascades and thus in the transcription factors that are
activated in the cell types supporting these two types
of infection.
Efficient virus replication depends on a PKA-mediated
phosphorylation of ICP4 (Xia et al., 1996) but PKA-depen-
dent activation of p65 has so far only been reported in
lymphocytes (Zhong et al., 1997). If PKA activity is impor-
tant for efficient HSV replication, then p65 may either be
a lymphocyte-specific target of PKA, or require both PKA
and down-stream targets of the Ras/Raf pathway for
activation in C33 cells.
A second model to explain the uncoupling of NF-kB
translocation and activation is that a nuclear factor(s)
critical for promoter-specific trans-activation function of
NF-kB, is sequestered or limiting during HSV infection.
For example, the high mobility group protein HMG I(Y)
has been demonstrated to act in synergy with NF-kB in
the activation of the interferon-b gene promoter (Thanos
and Maniatis, 1992).
A role for NF-kB nuclear function in the absence of
activation may be explained if HSV induces or activates
a factor that converts NF-kB from a transcriptional acti-
vator to a repressor. A Drosophila HMG1-like protein,
DSP1, can convert both Dorsal, a member of the rel
family, and NF-kB from transcriptional activators into
transcriptional repressors (Lehming et al., 1994). HSV
infection results in (i) vhs-dependent instability of mRNA
and inhibition of host protein synthesis (Read and Fren-
kel, 1983; Read, 1997), (ii) ICP27-dependent inhibition of
both splicing and subsequent transport of cellular mRNA
(Hardy and Sandri-Goldin, 1994), (iii) increased nuclear
turnover of cellular transcripts (Yager and Bachenheimer,
1988), and (iv) a generally repressive effect on cellular
gene transcription (reviewed in Smibert and Smiley,
1990). The reduction in virus yield in the presence of
IkB-CR, may indicate that HSV targets specific gene
promoters, e.g., NF-kB–responsive promoters, for repres-
sion if their products are involved in cellular stress re-
sponses.
MATERIALS AND METHODS
Cell culture and viruses
C33-A cells (ATCC HTB31) were maintained in medium
(DMEM-H) plus 10% fetal bovine serum. Derivatives of
C33-A, stably carrying a CMV promoter-driven expres-
sion cassette containing IkBa-CR (Wang et al., 1996,
Miller et al., 1998) or the empty expression vector,
pCDNA3, were maintained in DMEM-H plus 10% fetal
bovine serum and 400 mg/ml Genetesin (G418). Herpes
simplex virus type 1, (HSV-1) strain KOS was used at a
multiplicity of infection (MOI) of 10 plaque forming units
(pfu) per cell, unless otherwise noted.
Preparation of soluble extracts
Cytoplasmic and nuclear extracts were prepared by a
rapid lysis method. Cells were scraped up in medium,
washed twice in PBS, and resuspended in 3 packed cell
volumes (PCV) of CE buffer [10 mM HEPES, pH 7.8, 1 mM
EDTA, 60 mM KCl, 1 mM PMSF, 0.1% NP40, 25% glycerol,
0.4 mM NaF, 0.4 mM Na3VO4, 10 mM pepstatin, and 4%
Complete Protease Inhibitor Cocktail (Boehringer Mann-
heim)]. Following 4-min incubation on ice, nuclei were
pelleted by a 10-s spin in a bench top microcentrifuge.
The supernatant, representing the cytoplasmic extract,
was further clarified by centrifugation at 14,000 rpm for
10 min at 4°C. Nuclei were resuspended in CW buffer
(CE buffer without NP40 or glycerol), subjected to
10–20 strokes in a 1 ml Dounce homogenizer and repel-
leted. Nuclei were resuspended in 2 PCV of NE buffer (20
mM Tris-HCl, pH 8.0, 420 mM NaCl, 1.5 mM MgCl2, 0.2
mM EDTA, 0.5 mM PMSF, and 25% glycerol, and phos-
phatase and protease inhibitors as described above).
Following incubation for 10 min on ice, nuclei were pel-
leted at 14,000 rpm for 10 min at 4°C. The supernatant,
representing the nuclear extract, was carefully removed,
and both cytoplasmic and nuclear extracts were stored
at 270°C.
Electrophoretic mobility shift assay
Soluble protein extracts were assayed for levels of
NF-kB exactly as described previously (Hilton et al.,
1995). Briefly, extracts were incubated with a radio-la-
beled probe containing the kB binding site from the MHC
class I enhancer, TGGGGATTCCCCA, in buffer contain-
ing 10 mM Tris-HCl (pH 7.9), 50 mM NaCl, 0.5 mM EDTA,
10% glycerol, 1 mM DTT, and 2 mg poly (dIdC) z (dIdC).
After incubation for 20 min at room temperature, aliquots
were fractionated at 4°C on nondenaturing 4% polyacryl-
amide gels prepared in 0.253 TBE [13 TBE is 10 mM
Tris base (pH 8.3), 9 mM boric acid, and 2 mM EDTA].
Gels were placed on 3 MM paper, dried under vacuum
and heat, and exposed to XAR or BMR film with intensi-
fying screens at 270°C.
Western blotting
Detection of proteins with polyclonal or monoclonal
antibodies was exactly as described previously (Hilton et
al., 1995) except that secondary antibodies were either
donkey anti-rabbit IgG-HRP (Amersham) or goat anti-
mouse IgG-HRP (Santa Cruz).
Virus yield assay
Monolayers of control and IkBa-CR expressing C33
cells were infected with virus at an MOI of 5 for 1 h and
then overlaid with DMEM containing 2% calf serum. After
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18 h, culture fluid and cells were collected and subjected
to three cycles of freezing and thawing. Vero cell mono-
layers were infected with serial 10-fold dilutions of cell
lysates in triplicate and then overlaid with DMEM, plus
2% calf serum and 0.3% methyl cellulose. Following in-
cubation for 3 days, the overlay was aspirated and
plaques visualized by staining monolayers with 0.8%
crystal violet in 50% ethanol.
CAT assay
Transient expression assays for chloramphenicol
acetyl transferase (CAT) was as previously described
(Hilton et al., 1995). Reporter plasmids were kBCAT, con-
taining two copies of the kB site from the HIV LTR (Miller
et al., 1997); 5X-GAL-CAT, containing 5 copies of the GAL
binding site linked to CAT (Finco et al., 1997), GAL-p65, a
plasmid expressing a fusion protein consisting of the
GAL DNA binding domain and the p65 transactivation
domain (Finco et al., 1997); and 3XWTMHC, containing
three copies of the MHC class I enhancer NF-kB binding
site (Baldwin et al., 1991). C33-A control or IkBa-CR cells
were transfected by the calcium phosphate procedure,
and after 30 h superinfected with 5 pfu/cell wild-type
(WT) KOS. After 24 h, cell lysates were prepared and CAT
activity detected by a standard thin layer chromatogra-
phy assay (Gorman et al., 1982).
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